Vanadium is one of the most important transition metals in supported metal oxide catalysis, where it is mainly used as an oxidation catalyst. 1 However, in most of these catalytic reactions, the mechanisms on a molecular scale and the relevant active sites are still under discussion. Gas-phase vanadium oxide clusters have been suggested as model systems for active sites, and reactions with small organic molecules have been studied experimentally using mass spectrometric techniques. [2] [3] [4] Evidence for oxygen transfer reactions has been found. 2, 3 On the basis of the structurereactivity relationship obtained from DFT calculations, a radical center mechanism has been proposed to be responsible for the sizeselective oxygen transfer. 3 The complexity and importance of those reactions cause a continued interest in the mechanisms of these reactions as well as in the structures of the oxide clusterhydrocarbon complexes.
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Most of the knowledge about the structure-reactivity relationships for gas-phase clusters has been gained indirectly from experimental chemical reactivity, in some cases combined with quantum chemical calculations. More direct structural information can be obtained from vibrational spectroscopy. IR multiple photon dissociation (IR-MPD) with line tunable CO 2 lasers has been used to obtain IR spectral information for some metal cluster complexes in a limited spectral range around 10 µm. 5 Using a free electron laser (FEL) as an intense and widely tunable IR source, IR-MPD spectra have been measured for oxide clusters of vanadium, niobium, and tantalum, [6] [7] [8] as well as for some complexes of metal clusters. 9, 10 For some small oxide clusters, this led to structural identification through comparison with DFT calculations.
Here, we report on IR-MPD experiments that are performed in a molecular beam setup on cluster ions directly emitted by a pulsed laser vaporization cluster source that is combined with a reaction channel. An additional pulsed valve delivers the ethene to the reaction channel, where the clusters react near thermal energy. The setup is described in more detail elsewhere. 7, 10, 11 The clusters and their complexes form a molecular beam that is overlapped collinearly with the intense infrared beam of the Free Electron Laser for Infrared eXperiments (FELIX). 11, 12 When the laser frequency is resonant with an IR-active vibration of a cluster, the cluster can absorb several photons and subsequently undergo fragmentation. The changes in the cationic cluster mass distribution are monitored as a function of FELIX wavelength. The mechanism of IR multiple photon absorption has been discussed recently in the context of IR resonance enhanced multiple photon ionization (IR-REMPI) spectroscopy of clusters 11 as well as IR-MPD of gas-phase molecular ions. 13 The use of IR spectroscopy for structural identification depends on the ability of theoretical methods to accurately predict structural and dynamical properties as well as energetics. Therefore, the structural assignment is a joint experimental and theoretical effort. Recent work on structural properties of cationic vanadium oxide clusters and their reactivity with ethene has shown that the DFT methods, in particular, the hybrid gradient corrected functionals (B3LYP) in combination with sufficiently large basis sets of triplequality (TZVP), allow accurate determination of the structural features and also of the structure-reactivity relationship. 3 Structural properties of anionic and neutral 14 as well as cationic 15 V x O y have been calculated using the same procedure. These findings gave us confidence to extend this approach to the interpretation of vibrational IR spectra of cationic vanadium oxide-ethene complexes reported in this work. For this purpose, the vibrational frequencies and IR intensities have been calculated within the harmonic approximation and are compared here to experimental data.
IR-MPD spectra for the complexes of V 2 O 5 + and V 2 O 6 + with C 2 H 4 are shown in Figure 1 together with the calculated spectra of some isomers. Both oxide cluster cations are open-shell systems; in V 2 O 5 + , the unpaired electron is located at a terminal V-O • group, whereas V 2 O 6 + contains a superoxo group (formally O 2 •-) that can be identified via its characteristic IR absorption at ∼1150 cm -1 . Good agreement is achieved between the experimental IR spectra of V 2 O 5 C 2 H 4 + (I) and V 2 O 6 C 2 H 4 + (II) and the calculated spectra of the isomers Ic and IIa, respectively (Ia is incompatible due to the observed fragmentation behavior; see below). In principle, the agreement could be improved if one would introduce an optimal scaling factor for all modes involving V-O stretches. Because of the lack of reference data for similar gas-phase molecules, we used here a rather arbitrary factor of 0.95 for all vibrational frequencies. While IIa is the lowest energy isomer of V 2 O 6 C 2 H 4 + , Ic is 1.98 eV higher in energy than the minimum energy isomer Ia obtained for V 2 From these findings, the question arises of why the vanadium oxide clusters behave differently during reaction with ethene in our experiment than at the conditions of mass selected cluster reactivity measurement. There, 3 theory predicts the bonding of ethene to an O-site as the initial step for the experimentally observed reduction of V 2 O 5 + . However, we find the ethene to bind to a V-site. We suggest that this is caused by the influence of an electrostatic effect on the geometry of the ion molecule reaction. The positive charge is located in the oxide cluster at the lowest coordinated V-atom and can orient the ethene molecule. In that way, an intermediate ion-molecule complex is formed which is not necessarily the lowest energy structure. Thus, the here identified structures resemble the primary collision complexes that are formed at thermal collision energies. In a mass selected cluster reactivity measurement, the collision energies are typically at least a few electronvolts. Even if this energy is only partly transferred into internal energy, barriers can be overcome, and more stable products can be formed.
The comparison of the experimental and calculated spectra as well as (qualitative) investigations of the laser power dependence of the dissociation spectra gave us no evidence for the presence of different structural isomers of I or II. For II, the calculated IR spectra of the higher energetic isomers differ more from the experimental spectrum than for the most stable isomer, thus supporting the assignment to IIa. For I, the observed loss of [C 2 H 4 ] complements the ambiguous spectroscopic observations, giving evidence for the presence of isomer Ic. In both complexes, the ethylene molecule binds to the initially positively charged V atom.
In conclusion, we have presented infrared spectra of complexes of transition metal oxide clusters with a hydrocarbon molecule. We conclude that the cationic nature of the vanadium oxide clusters may have a dominating influence over the reactions under the applied conditions. 
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